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Description 

This application is related to our co-pending appli- 
cation claimingpriority from US Application Serial No. 
08/367.516 filed December 30, 1994. which is incorpo- 5 
rated herein by reference in Its entirety. 

This invention relates to current switching IVIOS- 
FETs having a gate formed in a trench and in particular 
to a trench MOSFET having a lower resistance when 
the device is turned on. 

Power MOSFETs are widely used in numerous ap- 
plications, including automotive electronics, disk drives 
and power supplies. Generally, these devices function 
as switches, and they are used to connect a power sup- 
ply to a load. It is important that the resistance of the 
device be as low as possible when the switch Is closed. 
Otherwise, power is wasted and excessive heat may be 
generated. 

A common type of power MOSFET currently In use 
is a planar, double-diffused (DMOS) device. Illustrated 
in the cross-sectional view of Fig. 1 . An electron current 
flows laterally from N+ source regions 12 through chan- 
nel regions formed within P-body regions 14 into an N- 
epitaxial layer 16. Current flow in the channel regbns is 
controlled by a gate 18. After the current leaves the 
channel regions, it flows downward through N-epitaxial 
layer 16 into an N+ substrate 20, which forms the drain 
of the device. A parasitic junction field effect transistor 
(JFET) is formed by the existence of P-body regions 14 
on either side of an intervening region of N-epitaxial lay- 
er 16. A depletion zone 22 adjacent the junction be- 
tween each of P-body regions 14 and N-epitaxial layer 
16 tends to squeeze the current and thereby increase 
the resistance in this area. As the current proceeds 
downward through N-epltaxlal layer 16 it spreads out 
and the resistance decreases. 

In an alternative form of vertical current flow device, 
the gate is formed in a "trench". Such a device is illus- 
trated in Fig. 2A, which is a cross-sectional view of a 
single cell of a MOSFET 100, and in Fig. 2B, which is a 
plan view of the cell. Gates 102 and 104 are formed in 
trenches and surrounded by gate oxide layers 106 and 
108. respectively. The trenched gate is often formed in 
a grid pattern (one section of which Is shown in Fig. 2B), 
the grid representing a single interconnected gate, but 
a trench gate may also be formed as a series of distinct 
parallel stripes. 

MOSFET 100 is a double-diffused device which is 
formed in an N-epitaxial layer 11 0. An N+ source region 
1 12 is formed at the surface of epitaxial layer 110. as is 
a P+ contact region 114. A P-body 116 is located below 
N+source region 112and P+contact region 114. Amet- 
al source contact 118 makes contact with the N+ source 
region 112 and shorts the N+ source region 112 to the 
P+ contact region 114 and P body 116. 

The N-epitaxial layer 110 Is formed on an N+ sub- 
strate 1 20, and a drain contact (not shown) is located at 
the bottom of the N+ substrate 1 20. The contact for the 
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gates 102 and 104 is likewise not shown, but it is gen- 
erally made by extending the conductive gate material 
outside of the trench and forming a metal contact at a 
location remote from the individual cells. The gate is typ- 
ically made of polysillcon doped with phosphorus or bo- 
ron. 

A region 111 of N-epitaxial layer 110 between the 
N+ substrate 120 and the P body 116 is generally more 
lightly doped with N-type impurities than is N-i- substrate 
120. This Increases the ability of MOSFET 100 to with- 
stand high voltages. Region 111 Is sometimes referred 
to as a "lightly doped" or "drift" region ("drift" referring to 
the movement of carriers in an electric field). Drift region 
111 and N+ substrate 120 constitute the drain of MOS- 
FET 100. 

MOSFET 100 is an N-channel MOSFET When a 
positive voltage is applied to gate 102, a channel region 
within P-body 1 1 6 adjacent the gate oxide 1 06 becomes 
inverted and, provided there is a voltage difference be- 
tween the N+ source region 112 and the N+ substrate 
1 20, an electron current will flow from the source region 
through the channel region into the drift region 111. In 
drift region 111, some of the electron current spreads 
diagonally at an angle until it hits the N+ substrate 120. 
and then it flows vertically to the drain. Other portions 
of the current flow straight down through the drift region 
111, and some of the current flows underneath the gate 
102 and then downward through the drift region 111 . 

The gate 1 02 is doped with a conductive material. 
Since MOSFET 100 is an N-channel MOSFET gate 102 
could be polysilicon doped with phosphorus. Gate 102 
is insulated from the remainder of MOSFET 100 by the 
gate oxide 106. The thickness of gate oxide 106 is cho- 
sen to set the threshold voltage of MOSFET 100 and 
may also influence the breakdown voltage of MOSFET 
100. The breakdown voltage of a power MOSFET such 
as MOSFET 1 00 would typically be no greater than 200 
volts and more likely 60 volts or less. 

One feature that makes the trench configuration at- 
tractive is that, as described above, the current flows 
vertically through the channel of the MOSFET. This per- 
mits a higher packing density than MOSFETs in which 
the current flows horizontally through the channel. 
Greater cell density generally means more MOSFETs 
per unit area of the substrate and, since the MOSFETs 
are connected in parallel, the on-resistance of the de- 
vice is reduced. 

In MOSFET 100 shown in Fig. 2A, the P+ contact 
region 114 is quite shallow and does not extend to the 
lower junction of the P-body region 116. This helps en- 
sure that P-type dopant does not get into the channel 
region, where it would tend to Increase the threshold 
voltage of the device and cause the turn-on character- 
istics of the device to vary from one run to another de- 
pending on the alignment of the P+ contact region 114. 
However, with a shallow P+ region 114, the device can 
withstand only relatively low voltages (e.g., 10 volts) 
when it is turned off. This is because the depletion 
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spreading around the junction between P-body region 
1 1 6 and drift region 1 1 1 does not adequately protect the 
corners of the trench (e.g. , corner 1 22 shown in Fig. 1 A). 
As a result, avalanche breakdown may occur in the vi- 
cinity of the trench, leading to a high generation rate of s 
carriers which can charge or degrade the gate oxide 1 06 
or even, in an extreme case, cause a rupture in the gate 
oxide 106. Thus the MOSFET 100 shown in Fig. 1B is 
at best a low voltage device. 

Fig. 2C illustrates a modification of MOSFET 100 in 
which the P+ body contact region 11 4 is extended down- 
ward slightly beyond the lower junction of P-body region 
116. The higher concentration of P ions in this region 
increases the size of the depletion area, and this pro- 
vides some additional shielding around the corner 122 
of the trench. However, if this device is pushed into 
breakdown, the generation of carriers will still most likely 
occur near gate oxide layer 106, and this could lead to 
the impairment of the gate oxide as described above. 

The breakdown situation was significantly improved 
in the arrangement shown in Figs. 3A-3C, which was 
described in U.S. Patent No. 5,072,266 to Bulucea et al. 
In MOSFET 300, the P+ region 114 is extended down- 
ward below the bottom of the trench to form a deep, 
heavily-doped P region at the center of the cell. While 
this provides additional shielding at corner 122, the pri- 
mary advantage Is that carrier generation occurs prima- 
rily at the bottom tip 302 of the P+ region 114. This oc- 
curs because the electric field is strengthened beneath 
the tip 302, thereby causing carriers to be generated at 
that point or along the curvature of the junction rather 
than adjacent the gate oxide 106. This reduces the 
stress on gate oxide 1 06 and improves the reliability of 
MOSFET 300 under high voltage conditions, even 
though it may reduce the actual junction breakdown of 
the device. 

Fig. 3B illustrates a perspective cross-sectional 
view of the left half of the cell shown in Fig. 3A, as well 
as portions of the adjoining cells. Fig. 3C shows a com- 
parable P-channel device. Fig. 3D illustrates how a gate 
metal 1 21 may be used to form a connection with gates 
102 and 104. 

The deep central P+ region 114 in MOSFET 300, 
while greatly reducing the adverse consequences of 
breakdown, also has some unfavorable effects. First, an 
upward limit on cell density is created* because with in- 
creasing cell density P ions may be introduced into the 
channel region. As described above, this tends to in- 
crease the threshold voltage of the MOSFET. Second, 
the presence of a deep P+ region 1 1 4 tends to pinch the 
electron current as it leaves the channel and enters the 
drift region 111. In an embodiment which does not in- 
clude a deep P+ region (as shown In, for example, Fig. 
2A), the electron current spreads out when it reaches 
the drift region 111. This current spreading reduces the 
average current per unit area in the drift region 111 and 
therefore reduces the on-resistance of the MOSFET 
The presence of a deep central P+ region limits this cur- 
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rent spreading and increases the on-resistance consist- 
ent with high cell densities. 

What Is needed, therefore, is a MOSFET which 
combines the breakdown advantages of a deep central 
P+ regfon with a low on-resistance. 

The trench MOSFET of this Invention includes a 
gate formed In a trench, a source region of a first con- 
ductivity type, a body region of a second conductivity 
type located under the source region, a drain region of 
first conductivity type located under the body region, and 
a "lightly doped" or "drift" region within the drain region, 
the dopant concentration of the drift region being lower 
than the dopant concentration of the drain region gen- 
erally. The drain may include a substrate or, in "quasi- 
vertical" embodiments, the drain may include a buried 
layer of first conductivity type which Is connected to the 
top surface of the semiconductor material via, for exam- 
ple, a "sinker" region. The drift region may be formed in 
an epitaxial layer or in the substrate. 

When the MOSFET is turned on, an electron current 
flows vertically through a channel within the body region 
adjacent the trench. To promote current spreading at the 
lower (drain) end of the channel region when the MOS- 
FET is turned on, a "delta layer" is provided within the 
drift region. The delta layer is a layer wherein the con- 
centration of dopant of first conductivity type is greater 
than the concentration of dopant of first conductivity type 
In the drift region generally. In many embodiments the 
delta layer abuts the body region, although In some em- 
bodiments the delta layer is separated from the body 
region. 

The upper boundary of the delta layer is at a level 
which is above the bottom of the trench in which the gate 
is formed. In some embodiments, the upper boundary 
of the delta layer coincides with a lower junction of the 
body region. The lower boundary of the delta layer may 
be at a level either above or below the bottom of the 
trench. 

The MOSFET is typically formed in a cell which is 
interposed between opposing trenches so as to form a 
symmetrical structure. In some embodiments, there is 
a gap between an end of the delta layer and the trench. 
In some embodiments, a region of second conductivity 
type extends downward through a central aperture in the 
delta layer. The delta layer may be formed in a MOSFET 
either with or without a deep central region of second 
conductivity type. 

The delta layer constitutes a region of relatively low 
resistivity, as compared to the drift region generally, and 
therefore operates to spread out the current as it emerg- 
es from the lower (drain) end of the channel. This occurs 
without significant adverse effects on the breakdown 
characteristics of the MOSFET 

As used herein, terms which define physical direc- 
tion or relationships, such as "under", "upper" or "bot- 
tom", are intended to refer to a MOSFET oriented as 
shown in Figs. 3A-3C and 4, with the trench at the top 
surface of the device. It is understood that the MOSFET 
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itself may be oriented in any manner. 

The Invention will now be described, by way ot ex- 
ample, with reference to the accompanying drawings, 
in which: 

Fig. 1 illustrates a cross-sectional view of a conven- 
tional planar double-diffused MOSFET 

Figs. 2A and 2B Illustrate cross-sectional and plan 
views, respectively, of a cell of a typical vertical trench 
N-channel MOSFET having a relatively shallow central 
P+ contact region. 

Fig. 2C illustrates a cross-sectional view of a similar 
N-channel MOSFET in which the central P+ contact re- 
gion has been extended below the bottom edge of the 
P body region. 

Fig. 3A illustrates a cross-sectional view of a similar 
N-channel MOSFET in which the central P+ contact re- 
gion has been extended to a location below the bottom 
of the trench. 

Fig. 3B illustrates a perspective cross-sectional 
view of the N-channel MOSFET shown in Fig. 3A. 

Fig. 3C illustrates a perspective cross-sectional 
view of a similar P-channel MOSFET 

Fig. 3D illustrates a gate metal contact formed on 
the top surface of the device. 

Fig. 4 illustrates a cross-sectional view of a MOS- 
FET which includes a deep central P+ region as well as 
a N delta layer in accordance with this invention. 

Fig. 5 illustrates a graph showing the concentration 
of dopant at different levels of the MOSFET. 

Fig. 6A illustrates the flow of current in a conven- 
tional MOSFET not fabricated In accordance with the 
principles of this invention. 

Fig. 6B illustrates the flow of current in a MOSFET 
fabricated in accordance with this invention. 

Figs. 7A, 78 and 7C illustrate the equipotential 
lines, electric field contour lines and ionization rates, re- 
spectively, in a MOSFET fabricated in accordance with 
this invention. 

Fig. 8 illustrates a cross-sectional view of a MOS- 
FET in which there Is a gap between the edges of the 
delta layer and the walls of the trench. 

Figs. 9A, 9B and 9C illustrate the equipotential 
lines, electric field contour lines and ionization rates for 
the MOSFET shown in Fig. 8. 

Fig. 10 illustrates a MOSFET in accordance with 
this invention In which there is a gap between the edges 
of the delta layer and a deep diffusion at the center of 
the celt. 

Figs. 11 A-11G illustrate steps in a process of fabri- 
cating a MOSFET in accordance with this invention. 

Fig. 12A Illustrates an embodiment of a MOSFET 
with a deep central diffusion and a delta layer which ex- 
tends below the bottom of the trench but not below the 
tip of the deep central diffusion. 

Fig. 12B illustrates an embodiment of a MOSFET 
with a deep central diffusion and a delta layer which ex- 
tends below the bottom of the trench and the tip of the 
deep central diffusion. 
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Fig. 1 2C illustrates an embodiment of a MOSFET 
with a delta layer which underlies the tip of a relatively 
shallow central diffusion but does not extend below the 
bottom of the trench. 

Fig. 12D illustrates an embodiment of a MOSFET 
having a deep central diffusion and a delta layer which 
does not extend below the bottom of the trench. 

Fig. 12E illustrates an embodiment of a MOSFET 
without a deep central diffusion and a delta layer which 
does not extend below the bottom of the trench or to the 
lower edge of the body region. 

Figs. 13A and 13B illustrate the application of the 
principles of this Invention to 'quasi-vertlcar MOSFETs, 
i.e., vertical trench MOSFETs in which the drain contact 
is made at the top surface of the device. 

In the various figure of the drawing, like reference 
numerals are used to designate similar components. 

A MOSFET 400 in accordance with this invention is 
illustrated In Fig. 4. MOSFET 400 generally corresponds 
to MOSFET 300 shown In Fig. 3A, but in addition a delta 
layer 402 is located in N-epitaxial layer 110. N+ source 
region 112 would normally be highly doped with a dos- 
age of from 1 x lO"'^ to 7 x 10^5 cnr^. p+ contact region 
1 1 4 could be doped from 1 x 1 0"""* to 5 x 1 0^ ^ cm'2. Along 
with the gate oxide thickness, the doping of P body 116 
establishes the threshold voltage. P body 11 6 is normal- 
ly doped in the range of from 5 x 10^^ 5 x lO"""* cm'2 
The trench in which gate 102 and gate oxide 106 are 
formed may be rectangular as shown, but it need not 
be. The thickness of the gate oxide 106 would typically 
be in the range of from 80 A to 1 200 A. N delta layer 402 
is doped with N-type dopant to a concentration that is 
greater than the concentration of N-type dopant in the 
adjacent portions of drift region 111. The dopant con- 
centration of drift region 111 is typically in the range of 
5 X lO!'* to 1 X 10^7 cm-3 and the dopant concentration 
of N+ substrate 120 in the range of 5 x 1 ©""^ to 1 x 1 0^o 
cm'^. 

Fig. 5 shows a graph which illustrates an example 
of the dopant concentrations in MOSFET 400. The hor- 
izontal axis of the graph represents the distance in mi- 
crons below the surface of the MOSFET, and the vertical 
axis represents the concentration of dopant in ions- 
cm"2. As indicated, the dopant concentration in the N 
delta layer 402 reaches a maximum at approximately 4 
x to*"® cm*3 and is generally higher than the concentra- 
tion of N-type dopant in adjacent regions of the drift re- 
gion 111 which, in this example, remains relatively con- 
stant at about 4 x 10^^ cm'^. 

N delta layer 402 has a lower resistivity than drift 
region 111 generally, and effectively causes the current 
to spread out as It leaves the bottom (drain) end of the 
channel region of MOSFET 400. This effect is evident 
from Figs. 6A and 6B, which illustrate the results of a 
computer simulation using the two-dimensional device 
simulator MEDICI. In both cases, the MOSFET was a 
device having a cell width of 7 microns with a trench ap- 
proximately 1 .5 microns deep. The device shown in Fig. 
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6A is in the form of MOSFET 300 (Fig. 3); the device 
shown In Fig. 6B is in the form of MOSFET 400 (Fig. 4), 
which has a delta layer 

The pattern of lines in Figs. 6A and 6B illustrates 
the flow of current, the space between each pair of lines 5 
representing 5% of the total drain current. It is apparent 
from Fig. 6B that the current In f^OSFET 400 fans out 
to a much greater degree after it leaves the drain end of 
the channel than does the current in MOSFET 300. For 
example, taking the right hand edge of the trench as a 
guide, it appears that approximately 38% of the current 
flows to the right of the trench in MOSFET 400, whereas 
only approximately 23% of the current in MOSFET 300 
flows to the right of the trench. This results in a substan- 
tial improvement in on-reslstance of MOSFET 400 illus- 
trated in Fig. 68. The on-resistance of MOSFET 400 is 
approximately 25% lower than the on-resistance of 
MOSFET 300. 

Figs. 7A and 78 show simulated equipotential and 
electric field contour lines for MOSFET 400. Fig. 7C il- 
lustrates the ionization rates in the same device. In each 
of Figs. 7A-7C the drain-to-source voltage Vqs was 60 
volts. In Fig. 78, the electric field at the points designat- 
ed A and B was 26.7 volts/micron and 35.3 volts/micron, 
respectively. Fig. 7C shows an Ionization Integral of 0.84 
at the Junction of P+ region 1 1 4 and drift region 1 1 0. This 
indicates that relatively few ions are generated adjacent 
the gate oxide and that the breakdown voltage of the 
device is not significantly affected by the presence of 
the delta layer. 

Alternatively, a MOSFET may be fabricated with a 
gap separating the delta layer from the trench. Such a 
configuration is shown in a MOSFET 800 in Fig. 8 
wherein a gap separates an N delta layer 802 from the 
trenches in which gates 102 and 104 are formed. The 
operation of a MOSFET similar to MOSFET 800 was 
simulated, with a 2 micron gap between the end of the 
N delta layer and the trench. Figs. 9A, 98 and 9C illus- 
trate, respectively, the equipotential and electric field 
contour lines and the ionization rates for this device with 
Vqs = 60 volts. With the MOSFET turned off, the electric 
field at the corner of the trench (designated C in Fig. 98) 
was 33 volts/micron. Thus, providing a gap between the 
N delta layer and the edge of the trench appears to In- 
crease the breakdown voltage but the Improvement in 
the on-reslstance of the device is somewhat less, as 
compared to a device in which the delta layer extends 
to the edge of the trench. Nonetheless, the on-resist- 
ance is still approximately 10% less than a similar device 
without the delta layer. 

Yet another embodiment is illustrated in Fig. 10, 
which shows a MOSFET 1000 having an N delta layer 
1002. Delta layer 1002 Is shaped in the form of an an- 
nulus, with a gap separating delta layer 1002 from P+ 
region 114. This structure has a higher on-resistance as 
compared to MOSFET 400 (Fig. 4). but since the total 
charge In the delta layer is less, the breakdown voltage 
appears to increase. 



As used herein, the term "delta layer" means a layer 
beneath the body region in a trenched vertical MOSFET 
in which the dopant concentration is greater than the do- 
pant concentration in a region immediately below the 
delta layer. The boundaries of the delta layer are located 
where the dopant concentration ceases to decrease (i. 
e., either remains the same or increases) or where the 
delta layer abuts the body region. The lower boundary 
of the delta layer may be located at a level which is either 
above or below the bottom of the trench, and which is 
either above or below the bottom of a region of opposite 
conductivity at the center of the cell. The upper bound- 
ary of the delta layer may coincide with the lower junc- 
tion of the body region, or the upper boundary of the 
delta layer may be below the lower junction of the body 
region. The delta layer can be in an epitaxial layer or in 
the substrate (I.e., in some embodiments a lightly doped 
drift region could be formed in the substrate instead of 
an epitaxial layer). 

Moreover, a delta layer may be provided in MOS- 
FETs 100 and 200 (shown in Figs. 2A and 2C, respec- 
tively), as well as numerous other vertical trench MOS- 
FETs. The trench need not be rectangular in cross sec- 
tion but may be U- or V-shaped or may be some other 
shape (e.g., rectangular with rounded corners). While 
the principles of the invention have been illustrated with 
N-channel devices, a comparable P delta layer may be 
used in P-channel devices. 

Although there are numerous processes for fabri- 
cating a MOSFET in accordance with this invention, 
Figs. 1 1 A-11G illustrate an exemplary process for fabri- 
cating MOSFET 400 shown in Fig. 4. 

As shown in Fig. 11 A, the starting point is a conven- 
tional N+ substrate 120 on which an N-epitaxial layer 
110 is grown using known processes. 

As shown in Fig. 11 B, the N delta layer 402 is then 
implanted with N-type dopant through the top surface of 
N-epitaxial layer 110 at a dosage of from 1 x 10^^ cm'^ 
to 2 X 10^^ cm'2 at an energy in the range of 60-250 keV 
(e.g., arsenic at a dosage of 8 x lO^^ cm-2 and 1 20 keV). 
While N delta layer 402 is illustrated as extending to the 
surface of epitaxial layer 110, the N-type dopant con- 
centration in delta layer 402 is not uniform, even imme- 
diately after implantation. The peak concentration of N- 
type dopant is typically located at least 0.1 ^m below 
the surface of epitaxial layer 110 so as to avoid coun- 
terdoping the body region (see below). The portion of 
N-epitaxial layer 110 below N delta layer 402 forms part 
of drift region 111 . Alternatively, N delta layer 402 could 
be formed by adding additional N-type dopant as N-epi- 
taxial layer 110 is grown. 

A thick oxide layer 1 1 3A and a thin oxide layer 1 1 38 
are then grown on the top surface of the structure, and 
deep P+ region 114 is implanted through the thin oxide 
layer 1138. The resulting structure is illustrated in Fig. 
1 1 C. Oxide layers 1 1 3A and 1 1 38 are then removed. 

A thick oxide layer 11 5 is then grown over deep P-i- 
region 114, and a thin oxide layer 11 9 is grown over re- 
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maining portions of the structure except where the 
trenches are to be formed. The trenches are then 
etched, and gate oxides 1 06 and 1 08 and gates 1 02 and 
104 are formed In accordance with known techniques. 
The resulting structure is illustrated In Fig. 11 D, 

As shown in Figs. 1 1 E and 11 F, P body 1 1 6 is then 
implanted through the thin oxide layer 119 (e.g., boron 
at a dosage of 3 x 1 0^ ^ cm-2 and an energy of 1 00 Kev), 
as Is the N+ source region 112. Finally oxide layers 115 
and 119 are removed. Field oxide 117 is grown, a con- 
tact hole is etched in field oxide layer 117, and metal 
layer 118 is deposited, forming a source/body contact 
through the contact hole. The oxide may also include a 
layer of deposited borophosphosllicate glass (BPSG) 
which is momentarily heated to around 850* to 950**C 
to flow smoothly and flatten the surface topology of the 
die. The resulting structure is shown in Fig. 11 G. 

A MOSFET according to this invention may be con- 
structed in a wide variety of alternative embodiments. 
For example, the lower boundary of the delta layer may 
be at a level below the bottom of the trench (Figs. 12A 
and 1 2B) or it may be at a level above the bottom of the 
trench (Figs. 12C and 12D). The deep diffusion at the 
center of the cell may have a deepest point which Is at 
a level below the bottom of the trench (Figs. 12A and 
1 2B) or It may be at a level above the bottom of the 
trench and below the lower junction of the body region 
(Fig. 12C) or it may consist of a relatively shallow body 
contact region having a deepest point above the lower 
junction of the body region (Fig. 1 2E). The upper bound- 
ary of the delta region may coincide with the lower junc- 
tion of the body region (Fig. 12D) or it may be at a level 
below the lower junction of the body region (Figs. 12A, 
128 and 12C), 

The principles of this invention are also applicable 
to "quasi verticar MOSFETs, wherein the drain connec- 
tion Is on the top surface of the device. Two exemplary 
embodiments are illustrated in Figs. 13A and 138, re- 
spectively. Both embodiments are formed on a P sub- 
strate 1300. An N+ burled layer 1302 is formed at the 
top surface of P substrate 1 300. An N+ sinker 1 304 ex- 
tends downward from a drain metal contact 1 306 to N+ 
buried layer 1302. MOSFET 1308, shown in Fig. 13A, 
includes a central deep P+ region and is generally sim- 
ilar to the structure of the MOSFET shown In Fig. 12D. 
MOSFET 1310. shown In Fig. 13B Includes a central 
delta layer 1316 which, like delta layer 802 in Fig. 8, 
does not extend laterally to the gate oxide. 

While the embodiments described above generally 
include N-channel devices, the principles of this inven- 
tion are also applicable to P-channel devices. 

The broad principles of this Invention are defined In 
the following claims. 



Claims 

1 . A vertical trench MOSFET comprising: 
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a semiconductor substrate, a trench being 

formed in said substrate; 

a gate positioned In said trench, said gate being 

separated from said substrate by an Insulating 

layer; 

a source region of a first conductivity type lo- 
cated at a top surface of said substrate adjacent 
said trench; 

a body region of a second conductivity type lo- 
cated adjacent said trench and said source re- 
gion; and 

a drain region of said first conductivity type lo- 
cated adjacent said trench and said body re- 
gion and extending to a level below a bottom of 
said trench, said drain region comprising: (i) a 
heavily-doped region lying entirely below said 
bottom of said trench, (ii) a drift region lying 
above said heavily -doped region, a dopant con- 
centration of said drift region being generally 
lower than a dopant concentration of said heav- 
ily-doped region, and (iii) a delta layer, a dopant 
concentration of said delta layer being gener- 
ally greater or higher than the dopant concen- 
tration of said drift region, said delta layer lying 
above at least a portion of, or a first portion of. 
said drift region, an upper boundary of said del- 
ta layer being located at a level above said bot- 
tom of said trench. 

The MOSFET of claim 1 wherein the dopant con- 
centration in said delta layer is substantially con- 
stant at a given horizontal level within said delta lay- 
er. 

The MOSFET of claim 1 wherein an upper boundary 
of said delta layer is located at a level below at least 
a portion of a junction between said body region and 
said drift region, a second portion of said drift region 
lying between said delta layer and said body region. 

The MOSFET of claim 1 or 2 wherein an upper 
boundary of said delta layer coincides with at least 
a portion of a lower boundary of said body region. 

The MOSFET of any preceding claim, or claim 24, 
25 or 26 wherein a lower boundary of said delta lay- 
er is located at a level below a bottom of said trench, 
or at a level above a bottom of said trench. 

The MOSFET of any preceding claim or claims 24, 
25, or 26 wherein said delta layer has a region of 
peak dopant concentration, the concentration of 
said dopant within said delta layer decreasing with 
increasing distance above or below said peak re- 
gion. 

The MOSFET of any preceding claim wherein said 
source and body regions are formed in a cell, said 
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MOSFET further comprising a deep diffusion of said 
second conductivity type at a central part of said 
cell, said deep diffusion having a deepest point 
which is at a level below said trench, or at a level 
below a lower boundary of said body region and 
above a bottom of said trench. 

8. The MOSFET of claim 7 or claim 27 wherein a lower 
boundary of said delta layer is at a level above said 
deepest point of said deep diffusion. 

9. The MOSFET of any preceding claim, wherein said 
source and body regions are formed in a cell de- 
fined by said trench; and comprising 

a deep diffusion of said second conductivity 
type at a central part of said cell, said deep dif- 
fusion having a dopant concentration higher 
than a dopant concentration of said body re- 
gion, a deepest point of said deep diffusion be- 
ing at a level below a bottom of said trench, said 
delta layer running below said deepest point of 
said deep diffusion. 

10. The MOSFET of any preceding claim further com- 
prising a body contact region adjacent a surface of 
said substrate, said body contact region being of 
said second conductivity type and having a concen- 
tration of dopant greater than a dopant concentra- 
tion In said body region, a deepest point of said body 
contact region being at a level above a lower junc- 
tion of said body region. 

11. The MOSFET of claim 10 or 30 wherein an upper 
boundary of said delta layer Is at a level below said 
deepest point of said body contact region. 

12. The MOSFET of any preceding claim, or claim 24 
wherein said delta layer reduces the on-resistance 
of said MOSFET by causing a drain current to 
spread out after said drain current emerges from a 
channel region of said body region. 

13. The MOSFET of claim 7, 28 or 31 wherein said delta 
layer causes avalanche breakdown to occur at a lo- 
cation separated from an edge of said trench in the 
direction of said deep diffusion, or in the direction 
of said body contact region. 

14. A MOSFET of any preceding claim further compris- 
ing a deep diffusion of said second conductivity type 
located at a center of said cell, said deep diffusion 
having a dopant concentration higher than a dopant 
concentration of said body region. 

15. The MOSFET of claim 1, wherein said source and 
body regions are formed in a cell defined by said 
trench; an upper boundary of said delta layer being 



located at a level below a junction between said 
body region and said drift region, a second portion 
of said drift region lying between said delta layer 
and said body region; and comprising 

5 

a deep diffusion of said second conductivity 
type located at a center of said cell, said deep 
diffusion having a dopant concentration higher 
than a dopant concentration of said body re- 
10 gion. 

16. The MOSFET of claim 15 wherein a boundary of 
said delta layer coincides with at least a portion of 
a lower junction of said body region. 

IS 

17. The MOSFET of claim 1 wherein said source and 
body regions are formed in a cell defined by said 
trench; 

20 a lower boundary of said delta layer being lo- 

cated at a level below a bottom of said trench; 
and comprising 

a deep diffusion of said second conductivity 
type located at a center of said cell, said deep 
2S diffusion having a dopant concentration higher 

than a dopant concentration of said body re- 
gion. 

1 8. The MOSFET of claim 1 4 wherein a lower boundary 
30 of said delta layer is located at level above a bottom 

of said trench, or is at a level above said deepest 
point of said deep diffusion. 

19. The MOSFET of claim 14 wherein said delta layer 
35 has a region of peak dopant concentration, the con- 
centration of said dopant within said delta layer de- 
creasing with increasing distance above or below 
said peak region. 

^0 20. The MOSFET of claim 1 4 wherein a deepest point 
of said diffusion or deep diffusion is at a level bebw 
a bottom of said trench, or is at a level below a lower 
junction of said body region and above a bottom of 
said trench, or is at a level above a lower junction 

45 of said body region. 

21. The MOSFET of claim 20 wherein an upper bound- 
ary of said delta layer is at a level below said deep- 
est point of said deep diffusion. 

so 

22. The MOSFET of claim 1 wherein said source and 
body regions are formed in a cell defined by said 
trench; and comprising 

ss a deep diffusion of said second conductivity 

type located at a center of said cell, said deep 
diffusbn having a dopant concentration higher 
than a dopant concentration of said body re- 
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gion, said delta layer being located adjacent a 
wall of said trench but being spaced apart from 
said deep diffusion. 

23. The MOSFET of claim 22 wherein a lower boundary 

of said delta layer is at a level below said deepest 
point of said deep diffusion, or at a level above said 
deepest point of said deep diffusion. 

24. The l\40SFET of claim 1, said delta layer being 
spaced apart from a wall of said trench. 

25. The MOSFET of claim 24, wherein an upper bound- 
ary of said delta layer is located below a junction of 
said body region and said drift region, a second por- 
tion of said drift region lying between said delta layer 
and said body region. 

26. The MOSFET of claim 24 or 25 wherein a boundary 
of said delta layer coincides with a lower junction of 
said body region. 

27. The MOSFET of any of claims 24 to 26 wherein said 
source and body regions are formed in a cell, said 
MOSFET further comprising a deep diffusion of said 
second conductivity type at a central part of said 
cell, said deep diffusion having a deepest point 
which Is at a level below said trench. 

28. The MOSFET of claim 24, comprising a deep diffu- 
sion of said second conductivity type at a central 
part of said cell, said deep diffusion having a dopant 
concentration higher than a dopant concentration 
of said body region, a deepest point of said deep 
diffusion being at a level below a bottom of said 
trench said delta layer running below said deepest 
point of said deep diffusion. 

29. The MOSFET of any of claims 24 to 28 wherein said 
source and body regions are formed in a cell, said 
MOSFET further comprising a deep diffusion of said 
second conductivity type at a central part of said 
cell, said deep diffusion having a deepest point 
which is at a level below a lower junction of said 
body region and above a bottom of said trench. 

30. The MOSFET of any of claims 24 to 29 further com- 
prising a body contact region adjacent a surface of 
said substrate, said body contact region being of 
said second conductivity type and having a concen- 
tration of dopant greater than a dopant concentra- 
tion in said body region, a deepest point of said body 
contact region being at a level above a lower junc- 
tion of said body region. 

31. The MOSFET of any preceding claim wherein said 
delta layer Is fomned In an epitaxial layer of said first 
conductivity type, the dopant concentration of said 



epitaxial layer being approximately 5 x lO"'^ cm*'^ 
and/or a peak dopant concentration of said delta 
layer being greater than 1 x 10^® cm*^, and/or said 
delta layer having a total Q of at least 5 x 1 0^^ cm'^. 

5 

32. The MOSFET of any preceding claim wherein a bot- 
tom of said trench is from 1 .0 |j.m to 5.0 ^m below 
said surface of said substrate. 

10 33. The MOSFET of claim 32 wherein said source and 
body regions are formed in a cell, said MOSFET fur- 
ther comprising a deep diffusion of said central part 
of said cell, and wherein a deepest point of said 
deep diffusion is at a distance of from 1 .0 |im to 3.0 

IS yim below said surface. 

34. The MOSFET of claim 32 or 33 wherein said body 
region extends from a level approximately 1.0 \m\ 
below said surface to a level approximately 2.0 \xm 

20 below said surface. 

35. The MOSFET of claim 32, 33 or 34 wherein a lower 
boundary of said delta layer is at a distance of from 
1 .0 ^m to 4.0 ^m below said surface. 

25 

36. A method of fabricating a vertical trench MOSFET, 
said method comprising the steps of: 

providing a substrate of a first conductivity type; 

30 forming an epitaxial layer of said first conduc- 

tivity type on a surface of said substrate; 
performing a first implant of dopant of said first 
conductivity type through a top surface of said 
epitaxial layer so as to form a delta implant re- 

35 gion having a dopant concentration greater 

than a dopant concentration of a remaining por- 
tion of said epitaxial layer; 
performing a second implant of dopant of a sec- 
ond conductivity type through said top surface 

^0 of said epitaxial layer to form a deep diffusion; 

defining an active region at said top surface of 
said epitaxial layer; 

forming a trench at said top surface adjacent 
said active region; 
45 performing a third implant of dopant of said sec- 

ond conductivity type into said substrate to form 
a body implant region; 

performing a fourth implant of dopant of said 
first conductivity type into said substrate to form 
so a source region; and 

depositing metal so as to form a contact with 
said source and body implant regions. 

37. The method of claim 36 wherein said first implant is 
ss performed with a dosage of 5 x 1 0^ ^ cm-2 and at an 

energy of 120 keV. 

38. The method of claim 36 wherein said first implant is 
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performed through a mask such that an edge of said 
delta implant region is separated from an edge of 
said trench. 



39. The method of claim 38 wherein said mask com- 5 
prises a field oxide. 

40. The method of any of claims 36 to 39 wherein said 
first and third implants are performed at respective 
energies such that a region of peak dopant concen- io 
tratton of said delta implant region Is located below 

a region of peak dopant concentration of said body 
implant region. 



41 . The method of any of claims 36 to 40 wherein said is 
first implant is performed at an energy such that a 
region of peak dopant concentration in said delta 
implant region is located at a level above a bottom 
of said trench, or at a level below a bottom of said 
trench. 20 



42. The method of any of claim 36 to 41 wherein said 
delta implant has a Q of 2 x IQi^ cm-2 to 1 .5 x 10^2 
cm"2. 

2^ 

43. The method of any of claims 36 to 42 wherein said 
first implant is performed at an energy of approxi- 
mately 120 keV. 

44. The method of any of claims 36 to 43 wherein a bot- 30 
tom of said trench is approximately 1 .5 ^m below 
said top surface. 

45. The method of any claims 36 to 44 wherein a deep- 

est point of said deep diffusion Is approximately 2.5 3S 
\im below said top surface. 

46. The method of any of claims 36 to 45 wherein said 
first implant is performed during said formation of 
said epitaxial layer. 40 

47. A method as claimed in any of claims 36 to 46, com- 
prising providing a mask at said top surface of said 
epitaxial layer; and performing said first implant of 
dopant through said mask. 

48. The method of claim 47 wherein said mask is con- 
figured such that said delta implant region is sepa- 
rated from said trench. 

50 

49. The method of claim 47 or 48 further comprising de- 
positing a layer of photoresist over said trench to 
prevent ions from being implanted into said trench. 

55 
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